The insulin-like growth factor type 2 receptor, also known as the cation independent mannose-6-phosphate receptor (I@?) is an imprinted gene, which is repressed on the paternally inherited allele in midgestation mouse embryos.
Introduction
A small proportion of mammalian genes is subject to gametic imprinting (reviewed in Solter, 1988; Efstratiadis, 1994; Barlow, 1995) . These genes show allele-specific expression, such that one parental allele is silenced, while the other allele is expressed. While the molecular mechanism regulating imprinted gene expression is not yet understood, the current model suggests that imprinted loci are differentially marked during gametogenesis by heritable epigenetic tags. DNA methylation is one such heritable tag that fits the requirement for an imprinting signal (see review by Surani, 1994) and furthermore has been shown to regulate allele-specific expression at imprinted loci (Li et al., 1993) . Exactly how an imprinting signal acts to ' Present address: National Institutes for Medical Research, The Ridgeway, Mill Hill, London NW7 lAA, UK.
cause and maintain allele-specific repression awaits further experiments.
However, any proposed model needs to account for recent data that shows that many imprinted genes switch between expression of both parental alleles (biallelic expression), and expression of one parental allele (monoallelic expression) during development, differentiation and disease.
Switching from monoallelic to biallelic expression in development was first shown for the mouse and human insulin-like growth factor type 2 (I@) gene which switches to biallelic expression during differentiation of the leptomeninges and choroid plexus (DeChiara et al., 1991) . In addition, the ZGF2 gene in the human liver (Davis, 1994) switches to biallelic expression in the neonatal period. This has recently been shown to correlate with the use of an alternate upstream promoter (Vu and Hoffman, 1994) . Switching in the other direction, from biallelic to monoallelic expression, has also been documented for imprinted genes. The mouse insulin genes (ZnsZ and Zns2) are initially biallelically expressed; this is maintained in the pancreas but switched to paternal specific expression in the visceral yolk sac (Giddings et al., 1994; Deltour et al., 1995) . The human Wilms' tumor gene is expressed from both alleles in kidney, but was shown to be monoallelically expressed in placenta and brain. However, this was observed only in half of the individuals tested, suggesting that other genetic factors influence switching of this gene during placental differentiation (Jinno et al., 1994) . Abnormal switching of imprinted genes from mono-to biallelic expression has been found in some human diseases. Activation of the normally repressed maternal allele of ZGF2 has been shown to occur in many tumors including Wilms' tumors, embryonal rhabdomyosarcomas, hepatoblastomas (Rainier et al., 1993) and lung carcinomas (Suzuki et al., 1994) . The ability of imprinted genes to switch between monoallelic and biallelic expression (and vice versa) during normal development may be a significant factor which allows abnormal switching to occur in human disease.
In this paper we have examined the parental allele-specific expression pattern of the Igf2r gene. Zgf2r is essential for the control of embryonic growth, since mice lacking the active maternal allele are approximately 30% larger, and mostly die at birth (Lau et al., 1994; Wang et al., 1994) . The mouse Zgj2r gene has been shown to be paternally repressed from day 14.5 to 18.5 of development (Barlow et al., 1991; Wang et al., 1994) . The observation, in gene inactivation experiments, that mice lacking a functional paternal allele survive with no obvious phenotype. supported the view that the paternal allele made no significant contribution.
However, the paternal Z&V allele has been shown to be active in preimplantation stages in androgenotes and in wild type embryos (Latham et al., 1994; Szabo and Mann, 1995) and also in ES cells (Wang et al., 1994) . Additionally, some paternal activity was also identified in RNA analysis of whole embryos in later stages of development (Wang et al., 1994; Szabo and Mann, 1995) . This latter result could reflect a general low level of paternal expression or indicate a tissue that escaped paternal repression, as is the case for the maternal allele of I,&? in leptomeninges and choroid plexus (DeChiara et al., 1991) .
To examine the allele-specific expression pattern of the IgfZr gene at the single cell level in all tissues of the preand post-implantation embryo, we have used the approach of analyzing the expression of an I&h--LacZ allele, previously created by gene targeting (Wang et al., 1994) . This allele drives the bacterial L.ucZ gene from the Zgj2r promoter. Thus, detection of the LacZ product using the XGal (4-chloro-5-bromo-3-indolyl-b-galactoside) substrate, offers a simple and sensitive way to look at the expression of one parental allele at high resolution. The expression pattern as revealed by X-Gal showed that the ZgJ?r-LucZ allele generates the expected tissue-specific expression pattern when maternally inherited (Matzner et al., 1992) . In addition, the greater sensitivity obtained by use of the ZgfZr-LucZ allele compared with RNA in situ analysis, showed that Zgf2r is expressed very early in the developing cardiovascular system. The expression of a paternally inherited ZgfZr-LacZ allele also matched that described for the endogenous Z@r allele in pre-and post-implantation stages (Latham et al., 1994; Wang et al., 1994; Szabo and Mann, 1995) . Our studies demonstrate that: (1) Zgf2r shows biallelic expression in all cells of the pre-implantation embryo; (2) the paternal allele is maximally repressed at E6.5 in all tissues where maternal expression could be detected; (3) no tissue completely escapes paternal repression after implantation;
and (4) a low level of paternal expression remains in tissues that highly express the maternal allele. These results which document the spatial and cell by cell effects of imprinting on the expression of Zgf2r during development, are a necessary step towards understanding the molecular mechanisms regulating imprinted gene expression in mammals.
Results

Maternal expression of LacZ resembles endogenous
Igf2r expression
To examine the parental allele-specific expression pattern of Igf2r we made use of mice carrying a targeted and inactive allele, here termed Z&B-LacZ. The bacterial LacZ gene was placed in frame after the first four codons of exon 1 and the mRNA terminated with several stop codons and a polyadenylation site at the 3' end, an RSV-neomycin cassette was positioned downstream. Thus, the ZgfLr promoter drives LacZ instead of the Zgf2r gene (Wang et al., 1994) . Previous RNA in situ analysis (Matzner et al., 1992) of Zgf2r using mice from day 9.5 to day 17.5 of embryonic development has shown a characteristic tissue-specific expression pattern for ZgjC?r, with high expression in the cardio-vascular system, tongue and intestinal tract. Moderate expression has been observed in the lung mesenchyme and very low expression in the liver. To confirm that expression of the targeted Zgf2r-LacZ locus is representative of the endogenous Zflr expression, we made a detailed analysis of the LacZ expression pattern in E13.5 and E17.5 embryos. The LacZ expression was detected on cryosections by incubation with X-Gal, a substrate for LacZ that produces a blue stain. Representative sections of E13.5 embryos, and some sections from parts of the E17.5 embryo, are shown in Fig. 1 . Maternal expression of LacZ (in -/ + targetted/wild type samples) closely resembles the RNA in situ hybridization pattern described by Matzner et al. (1992) . In both the E13.5 (Fig. 1 ) and the E17.5 ( Fig. 1 and data not shown) embryo the strongest X-gal stained tissues were the heart, tongue and small intestine, followed by skin, muscle and ossifying tissue. In the lung, the mesenchyme expressed high levels of LacZ, while no expression was detected in the cells lining the bronchia. In the liver a sub-population of evenly distributed cells express LacZ. These observations are also in accordance with the analysis of Zgf2r expression in rat (Senior et al., 1990) . Thus, the expression of a maternally inherited ZgfZr-LacZ allele in postimplantation embryos shows the same tissue-specific regulation as the endogenous Zafrr gene itself.
The paternal allele of Zgf2r is repressed in all tissues of the late post-implantation embryo
Mouse embryos inheriting a maternal Zgfzr-LacZ allele show a low level of Zgf2r expression from the paternal allele, by RNA blot analysis of whole EllS-E16.5 embryos (Wang et al., 1994) . This has been calculated by RT-PCR to be approximately 5-7% of the maternal level (Pave1 Kubicka and DPB, data not shown). To test if this low level of paternal expression reflects a low level of expression from all tissues or originates in one tissue that expresses Zgf2r biallelically, paternal ZgfLr-LacZ expression was examined in cryo-sections prepared from El35 embryos (Fig. 1 , paternal expression). Under the conditions used to visualize maternal expression of LacZ (6-12 h staining) no paternal Z&2-LacZ expression could be seen. However, increasing the incubation period to 36 h showed weak staining in the heart (indicated by the arrow). This signal was intensified when the sections were increased from 16 pm to 40 pm. Weak galactosidase activity was also seen in the tongue, small intestine (arrow) and choroid plexus (cp). The choroid plexus was examined in greater detail since this tissue has been shown to express the imprinted Z&2 gene biallelically (DeChiara et al., 1991) . Maternal expression of Zgf2r-LacZ can be seen to be restricted to the inner vessels of the choroid plexus. Very weak expression at this site can also be detected from the paternal allele. However, paternal expression seen in the outer epithelia represents endogenous galactosidase activity, since it was also seen in wild type embryos ( Fig. 1) . Tissues which showed weak paternal expression of Zgj%-LacZ, namely heart, tongue, small intestine, and choroid plexus were also those that showed the highest expression of the maternal LacZ (Fig. 1) . We interpret these results as showing that all tissues repress the paternal allele, but to a level which represents 5-10% of the maternal expression. Thus, tissues such as the embryonic heart and tongue which show high maternal expression will produce a detectable paternal transcript.
The conservation of tissue-and allele-specific regulation of the Zg$?r-ZkcZ gene in mid gestation embryos confirmed that this system can be used for studying the allelespecific expression of Zgf2r at other stages of development. It suggested also that the weak paternal signal detected by RNA blot analysis (Wang et al., 1994) and also by RT-PCR analysis (Szabo and Mann, 1995) reflects incomplete paternal repression of Zgf2r in strongly expressing tissues. No tissues were found that escape paternal repression at this stage of development. Szabo and Mann (1995) have previously shown by single nucleotide primer extension (SNuPE) assay that Zgj2r is expressed from the maternal and the paternal allele in the four-cell, eight-cell embryo and in the blastocyst. To confirm and extend these findings, paternal expression of the Z@r-LacZ allele was examined in embryos between the four-cell and hatched blastocyst stage (Fig. 2 ). Embryos were collected from super-ovulated MFl or 129Sv/C57B16 females fertilized by a 129Sv/C57B16 male heterozygous for the Zgf2r-ZacZ allele. Embryos derived from an MFl female showed strong paternal expression in all cells of the four-cell embryo up to the blastocyst stage ( Fig. 2A) . This expression was detectable after 6 h incubation in X-Gal (at 37°C) in 50% of the embryos, representing the expected distribution of the targeted allele. This clearly shows that the paternal allele of Zgf2r-LacZ is expressed in all cells of the pre-implantation embryo up to the late blastocyst stage, including the trophectoderm and inner cell mass.
The paternal allele of Z@r-Z_acZ is active during preimplantation development
The general expression of ZgfZr-LacZ appeared to be lower in embryos that were derived from an 129Svl C57B16 x 129Sv/C57B16 cross. No staining could be detected after 6 h incubation in X-Gal, irrespective of paternal or maternal inheritance of the targeted allele. However, staining in approximately 50% of embryos could be detected after 24 h incubation with X-Gal (Fig.  2) This staining was equally strong in embryos that inherited the targeted allele from the mother (Fig. 2, maternal expression) or the father (Fig. 2, paternal expression) . These results confirm that the Z&2--LacZ allele is biallelically expressed before implantation and also show that the preimplantation level of expression varies between strains.
Allele-specific expression pattern during early postimplantation development
The demonstration ( Figs. 1 and 2 ) that the ZgjSLacZ allele behaved as the endogenous maternal and paternal Zgf2r allele in pre-and post implantation development, confirmed that this modified allele could be used in other developmental stages. To examine the repression of the paternal allele at a high resolution during early postimplantation development, we investigated the Z@r-LucZ allele in whole mount embryos from E6.5 to E9.5 (Fig. 3) . Clarifying the X-Gal stained whole embryos with tetralin (1,2,3,4-tetra-hydro-naphthalene, Matsuo et al., 1993) , combined with 'bright-field or interphase optics, was found to improve sensitivity. Under these conditions, staining appeared in a blue to green color typical for XGal-stained tissues. However, due to the clarifying effect of tetralin the inner structure of the embryo is visible which improves localization of the stain. An additional effect is seen when the embryos were observed under darkfield conditions. The color of the stain changed to a pink/ red color that was more sensitive than the blue/green color revealed in bright-field. This effect was only seen in clarified embryos observed in the tetralin solution. The Z@r-LacZ maternal expression pattern at E9.5 (Fig. 3) confirms that the heart (he), dorsal aorta (da) and somites are major sites of expression (compare to Matzner et al., 1992) , and in addition, detects expression in a population of cells covering the mesencephalon (mse) and the telencephalon (te). Wild type embryos at E9.5 showed weak staining in the amnion, indicating endogenous /I-galactosidase activity, but no endogenous activity was observed in any tissue between E6.5 and E8.5.
At E6.5, maternally expressed &$?r-LacZ can be seen only in the visceral extra-embryonic endoderm (veed, Fig.  3 ) at the anterior and lateral sides of the whole mount embryo. Tetralin treated embryos viewed under darkfield show weak staining of the remaining extra-embryonic and embryonic endoderm. A few embryos showed weak staining of the ectoplacental cone (epc). Between day 7.5 and day 9.5 maternal expression is most prominent in the developing cardio-vascular system and the growing allantois, but also the lateral mesoderm at the posterior part of the embryo is stained at E9.5 and E8.5. (Fig. 3, maternal  expression) . At day 7.5 expression can be seen in the mesodermal components of the visceral yolk sac and amnion. In particular, the amnion and the allantois bud show strong staining. At these stages, the only definitive embryonic tissue that stains is the anterior mesoderm, which marks the cardiac mesoderm from which the heart will develop (Rugh, 1990) . Maternal Zgj2r -LacZE8.5 and E9.5 embryos who, therefore, lack functional Z@r, show a remarkable enlargement of the heart ( Fig. 3; also Fig. 1 , maternal LacZ).
At E6.5, no paternal expression of Zg$h=L.acZ could be detected. Embryos were not genotyped at this stage due to the small amount of material; however, three litters from a paternally targeted cross (total of 25 embryos, of which 50% should carry an Zflr-LucZ allele) were examined, and no embryo showed X-Gal staining. Very weak expression from the paternal allele could, however, be detected from E7.5 onwards, but at a much reduced level compared to the maternal allele, and in general it could only be detected when viewing under tetralin and dark field (Fig.  3) . At E7.5 this weak paternal expression is detected in the area of the anterior mesoderm (black arrow brightfield) and developing amnion (white arrows darkfield) and later at E8.5-E9.5, in the developing heart, the growing allantois and in the vascular system. At E9.5 when the maternal allele shows very strong expression (Fig. 3) , all the main vessels as well as cells in the mesencephalon and, possibly, anterior rhombencephalon, showed a clear signal from the paternal allele when viewed in dark-field (Fig. 3) . These results show that the paternal ZgfZr allele is repressed from E6.5 onwards in all tissues where expression of the maternal allele could be detected. However, a minimal level of paternal expression in proportion to the level of maternal expression can be detected from E7.5 onwards.
Discussion
We have demonstrated that an ZgfLr-LacZ allele is imprinted and developmentally regulated similarly to the wild type allele. The Z&h--LacZ allele is initially biallelitally expressed in all cells of the preimplantation embryo. A switch, from biallelic to monoallelic maternal expression, then occurs during implantation and, although a low level of expression can be detected in a few tissues, no embryonic tissues escape paternal repression after E6.5.
The maternal Z&2-LucZ expression pattern in early post-implantation development (E6.5-E9.5) has not previously been described and our analysis highlights the participation of this gene in cardio-vascular development. At E7.5, expression is seen in yolk sac blood islands, the anterior mesoderm -a precursor cardiac tissue (Tam and Meier, 1982) -and the allantoic bud, that contributes to the fetal-maternal circulation. It is possible that the expression seen in the ectoplacental cone in some E6.5 embryos Fig. 1 . Allele-specific expression pattern of Igf2r-LacZ in E13.5 mouse embryos. (A-C) P-Galactosidase staining in + / + (wild-type), + / -(paternally targeted allele) and -/ + (maternally targeted allele) embryos at E13.5. The -/ + embryos were sectioned at 16 pm and exposed for 12 h to X-Gal; the -f I -and + I + embryos were sectioned at 40 pm and exposed for 36 h to reveal the weak paternal expression in tongue, heart, small intestine (arrows) and the choroid plexus (cp). (D-F) Increased magnification of the choroid plexus (*cp). -/ + embryos show staining in the vessels within the choroid plexus, which is also slightly visible after long exposure and thick sectioning in ( + / -) embryos. Staining in the outer layer of the plexus, visible in ( + I -) and ( + / + ) embryos, represents endogenous fi-galactosidase activity. (G,H) Increased magnification of -/ + samples from E17.5 skin (Sk) and rib (rb) tissue. @,.I) Increased magnification of -/ + samples from E13.5 liver (li) and lung (1~) tissue. Fig. 2 . Allele-specific expression pattern of Igf2r-LacZ in pre-implantation embryos. (A) Expression of the paternally inherited ZgfLr-LacZ allele in three embryos (four-cell, eight-cell and early compaction stage) isolated from MFl wild type females mated with 129SvK57B16 males heterozygous for the Igf2r-LacZ allele ( + I -). Embryos were exposed for 6 h to X-Gal at 37°C. Four separate crosses were examined with similar results: the embryos were not genotyped; however, approximately 50% of any one litter stained blue, representing the expected distribution of the targeted allele. Only those showing X-Gal staining are presented. The majority of the positive four-and eight-cell embryos stained in every cell, but with differing intensities. (B) Allele-specific expression at the blastocyst stage. 129SviC57B16 embryos heterozygous for a maternally inherited Iflr-LacZ allele ( + / -), paternally inherited I&r-LacZ allele ( + / -) allele, or putative wild type ( + / -). Expression of the I&V-L.acZ allele was consistently lower in this genetic background; thus, embryos were exposed for 24 h to X-Gal at 37'C to visualize X-Gal staining. Staining was readily visible, however, when directly viewing the embryos under the microscope. 36h X-Gal 36h X-Gal was due to the vasculogenesis that occurs during implantation (Rugh, 1990) . Thus, I&% is expressed at all the sites where vasculogenesis occurs. The heart and the main vessels, which express ZgfLr strongly, are markedly enlarged in E8.5 and E9.5 embryos carrying a targeted-inactivated maternal allele. This anticipates the phenotype of heart enlargement and heart failure reported in newborn mutant mice which lack Zgf2r (Lau et al., 1994) . The analysis of pre-implantation embryos shown in Fig.  2 confirmed earlier results obtained using normal embryos derived from a C57BWJ x M.m. castaneus cross (Szabo and Mann, 1995) . This work used a quantitative RT-PCR assay (the SNuPE technique) to demonstrated biallelic Zgj2r expression in four-cell embryos, single blastomeres isolated at random from four-cell embryos, eight-cell embryos and inner cell mass and mural trophectoderm of day 3.5 blastocysts. The data presented here using a targeted Z&.3--LacZ allele is open to the criticism that the targeting construct (which also contains Polyoma enhancer sequences and an RSV-neomycin cassette; Wang et al., 1994) may interfere with normal imprinted expression. Interference with the expression of the endogenous gene has been reported in gene targeting experiments, especially when the neomycin gene was placed in the opposite orientation to the targeted locus (Olson et al., 1996) . However, the Igf2r targeting construct used in this paper lies in the same orientation as the Igf2r gene, and the analysis presented here of preimplantation and postimplantation stages is in agreement with that of Szabo and Mann (1995) and Matzner et al. (1992) who used normal embryos. Thus, we conclude that the Zgf2r-Z&Z allele behaves as the wild type allele. Since it was possible in this present study to identify some four-and eight-cell embryos which expressed Zg@r-L.ucZ in every cell, our results show that the transition to maternal monoallelic expression must occur by repressing the paternal locus and not by selecting a subpopulation of cells containing a silent allele. Embryos at E4.5 showed biallelic expression whilst those at E6.5 showed monoallelic expression. Thus, the switch to monoallelic expression must occur between E5.0 and E6.0. In the cross analyzed by Szabo and Mann (1995) , biallelic Zgj2r expression was detected up to E7.5 which may reflect a difference in genetic background of the crosses used.
The Zgf2r-LacZ allele generates a transcript that terminates 3 1 kb upstream of an intronic element, named region 2, which has been suggested to carry the imprint for this gene (Stager et al., 1993) . Region 2 carries a matemalspecific methylation imprint which fulfills the predictions of an imprinting signal because it is inherited specifically from one gamete, and maintained throughout development on the same allele. The role of region 2 in imprinting Z@r is currently under test. If, however, it is confirmed as playing a role in generating monoallelic expression, the results obtained here with the Zgjh-L.ucZ allele demonstrate that a transcript that terminates upstream to region 2 will reproduce the imprinted expression of the endogenous allele.
Characterization of the manner in which imprinted gene expression is developmentally and genetically regulated, is of importance in laying the foundations for understanding the molecular mechanism of imprinting. It is generally accepted that the information (often called the 'imprint') that distinguishes the two parental alleles of an imprinted gene, must have been acquired in gametogenesis, or before pronuclear fusion (see reviews by Efstratiadis, 1994; Surani, 1994; Barlow, 1995) . Thus, the demonstration that imprinted genes can switch from biallelic to monoallelic expression during development demonstrates that the imprint alone cannot cause monoallelic Zgf2r expression and that additional developmentally regulated factors are required. Other imprinted genes also switch between biallelic and monoallelic expression in the implantation period (Latham et al., 1994; Guillemot et al., 1995; Szabo and Mann, 1995; Tremblay et al., 1995) strengthening the proposal that the imprint is not sufficient to cause monoallelic expression. The data presented here confirms other experiments, which support the idea that the onset of monoallelic expression at imprinted loci occurs by a multifactorial process and provides an improved foundation upon which to design experiments to identify the factors involved.
Experimental procedures
4.Z. Post-implantation embryos
Mice of the C57B6/129Sv strain were time-mated. Depending on whether maternal or paternal Zgj2r-L.acZ was required, females or males carrying a targeted Zgf2r allele ( + / -) were mated to wild-type mice ( + / + ). Offspring were typed by PCR analysis using DNA pre- Fig. 3 . Allele-specific expression pattern of IglTr-LacZ in early post-implantation embryos. After incubation with X-Gal, all embryos except those at E8.5 and E9.5 expressing maternal I&V-LacZ were clarified with tetralin before photography using brightfield, interphase or darkfield optics. Embryos viewed under darkfield appear slightly out of focus in order to present a cumulative image of the intensity of the pink color. Sites of weak paternal specific expression in E7.5 embryos viewed under darkfield are marked with white arrows. The white appearance of the ectoplacental cone in the embryo at E7.5 and E6.5 is an artifact due to the long film-exposure time. Endogenous fl-galactosidase was seen only in the amnion at E9.5 but not in earlier stages. Maternal I&%-La& embryos were stained for different periods to achieve maximum color intensity: E6.5 and E7.5 (36 h), E8.5 (24 h), E9.5 (6 h). Paternal ZgfLr-LacZ embryos and wild type controls were stained for 36 h. ab, allantois bud; al, allantois; amd, anterior mesodetm; amn, amnion; da, dorsal aorta; ccv, common cardial vein; epc, ectoplacental cone; he, heart; hf, headfold; lb, limb bud; mse, mesencephalon; sm, somites; te, telencephalon; veed, visceral extra-embryonic endoderm.
pared from embryonic membranes. Embryonic age was estimated by considering noon of the day of a vaginal plug as E0.5. Dissection of the embryos were performed as described (Hogan et al., 1994) .
Pre-implantation embryos
C57B6/129Sv or MFl females were superovulated (Hogan et al., 1994) and mated with C57B6/129Sv-LacZ/+ males to examine paternal expression. C57B6/ 129Sv-LacZ/+ females were superovulated and mated to C57B61129Sv males to examine maternal expression. The embryos were obtained by flushing the oviduct and uterus between E3.0 and E4.5.
Typing of mice and embryos
DNA was prepared from 0.5 cm pieces of tail or from pieces of embryonic membranes by a salting-out procedure (Miller et al., 1988) Primer pairs for LacZ (GCA TCG AGC TGG GTA ATA AGC GTT GGC AAT and GAC ACC AGA CCA ACT GGT AAT GGT AGC GAC) and a control gene, encoding the endogenous RAPsyn protein (AGG ACT GGG TGG CTT CCA ACT CCC AGA CAC and AGC TTC TCA TTG CTG CGC GCCAGG TTC AGG; Frail et al., 1988) , were used to detect the targeted allele according to Hanley and Merlie (1991) .
Localization of ,&galactosidase activity on cryosections
All solutions used for the staining procedure were based on a washing buffer containing 2 mM MgC12 and 0.1 mM EGTA in PBS (pH 7.0). This pH was essential to minimize endogenous galactosidase activity. Embryos were fixed in 2% paraformaldehyde/0.2% glutaraldehyde for 60 min at room temperature, washed three times for 5 min in washing buffer and incubated in 30% sucrose at 4°C overnight. The next morning the embryos were embedded in O.C.T. compound (Tissue-Tek), frozen in acetone plus dry ice, and cryo-sectioned between 16 pm and 40 ,um. The sections were collected on TESPA (3-aminopropyltiethoxysilane)-treated glass-slides. After post-fixing for 5-10 min in 2% paraformaldehyde/0.2% glutaraldehyde, and washing twice for 5 min at room temperature, the sections were incubated, light protected, in staining solution at 30°C for 12-36 h. The staining solutions contained 5 mM K3Fe(CN)6, 5 mM &Fe(CN)6.3H20 and 1 mg/ml 4-chloro-5-bromo-3-indolyl-/3-galactoside (X-Gal) in washing buffer. Finally, the sections were washed with sterile water and mounted with Aquatex (Merck).
Localization of fi-galactosidase activity in whole mount embryos
Staining and clarifying of whole embryos between E6.5 and E9.5 was performed essentially as previously described (Matsuo et al., 1993) . Fixing, staining and washing solution were as described for frozen sections with the following exceptions. Embryos were fixed for IO-20 min (according to the size) on ice, washed three times for 5 min, and incubated, light protected at 30°C in staining solution. For E9.5 embryos 0.02% Nonidet-P40 and 0.01% Na-deoxycholate was added to all solutions. The stained embryos were washed in sterile water (twice for 15 min), dehydrated in graded ethanol of 30%, 50%, 70%, 90% and finally washed three times for 10 min in 100% ethanol. After immersing in tetralin (1,2,3,4-Tetra-hydronaphtaline, Fluka)-ethanol
(1: 1) the embryos were clarified in 100% tetralin, for 2 x 10 min. The photographs were taken through a Wild-Heerbrugg microscope at brightfield and darkfield. Viewing under darkfield in combination with submerging the embryos under Tetralin, converted the normal blue color of the X-Gal substrate into a more intense pink/red stain.
For pre-implantation embryos 1% fetal calf serum was added to the washing and fixing solution to reduce stickiness. The embryos were washed two times in drops of washing buffer and treated for about 15 s with acidic tyrode solution to permeabilize the zona pellucida. After washing three times in drops of washing buffer the embryos were fixed for 5 min in 1% paraformaldehyde/ 0.2% glutaraldehyde.
Finally, the embryos were washed twice in washing buffer, transferred to the staining solution and incubated at 37°C for 6 h in a humidified chamber.
Processing of photographs
All color photographs were mounted on a Kodak photo CD and processed in Adobe-Photoshop 3.0.
